Abstract There is increasing concern that flood risk will be exacerbated in Antalya, Turkey as a result of globalwarming-induced, more frequent and intensive, heavy rainfalls. In this paper, first, trends in extreme rainfall indices in the Antalya region were analysed using daily rainfall data. All stations in the study area showed statistically significant increasing trends for at least one extreme rainfall index. Extreme rainfall datasets for current (1970)(1971)(1972)(1973)(1974)(1975)(1976)(1977)(1978)(1979)(1980)(1981)(1982)(1983)(1984)(1985)(1986)(1987)(1988)(1989) and future periods (2080-2099) were then constructed for frequency analysis using the peaks-over-threshold method. Frequency analysis of extreme rainfall data was performed using generalized Pareto distribution for current and future periods in order to estimate rainfall intensities for various return periods. Rainfall intensities for the future period were found to increase by up to 23% more than the current period. This study contributed to better understanding of climate change effects on extreme rainfalls in Antalya, Turkey.
INTRODUCTION
Global mean surface temperatures have increased by 0.74°C ± 0.18°C over the last 100 years ; the warming rate has almost doubled in 50 years with respect to that over the last century (Trenberth et al. 2007) . It is not realistic to attribute this warming trend exclusively to natural variability. Greenhouse gas emissions to the atmosphere owing to human activities are likely to be the main reason for a rapid increase in global warming (IPCC 2007) . A major concern, in the context of global warming, is extreme weather events, since the most devastating effects of climate change have been experienced due to these events. Global warming has the potential to increase the intensity of extreme rainfalls, since a warmer atmosphere with enhanced humidity produces a more active hydrological cycle (Mailhot et al. 2007 ). Katz and Brown (1992) stated that even a small change in the mean rainfall due to global warming can cause significant changes in extreme rainfalls. Therefore, it is critical to investigate the effects of climate change on extreme rainfall events.
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Hydrological Sciences Journal -Journal des Sciences Hydrologiques, 60 (12) An investigation of climate change effects on extreme rainfall events can be roughly grouped into:
(1) studies on the existing effects of climate change based on the analysis of historical rainfall records, and (2) studies on future effects of climate change based on the analysis of future rainfall projections derived from climate models under greenhouse gas emission scenarios. Several examples of Group 1 type studies have reported increases in frequency and magnitude of extreme precipitation events through analysing trends in extreme rainfall indices. Roy and Balling (2004) investigated trends in extreme rainfall indices in India using 129 rainfall observation stations' records from 1910 to 2000, reporting increasing trends. Costa and Soares (2009) noted an increase in magnitude of dryness in southern Portugal based on a simple aridity intensity index. They also found evidence of increased shortterm precipitation intensity over southern Portugal during the last three decades of the 20th century. Shahid (2011) investigated trends in extreme rainfall indices in Bangladesh using data covering the period . He found, in general, increasing trends in heavy precipitation days and decreasing trends in consecutive dry days in Bangladesh. There are also studies that report no significant trends (e.g. Shang et al. 2011 for daily rainfall extremes in Ethopia) or significant decreasing trends (e.g. Zhai et al. 2005 for daily rainfall extremes in northern China). Future rainfall projections based on the coupled atmosphere-ocean general circulation models (i.e. Group 2 type studies) showed increases in extreme rainfall in many parts of the world due to the warmer atmosphere (e.g. Leung et al. 2004 , Guo 2006 , Saha et al. 2006 , Nyeko-Ogirami et al. 2012 .
Changes in intensity and frequency of extreme rainfalls have significant impacts on urban infrastructure and flood protection project design due to possible variations in design rainfall intensities. Design rainfall intensities are mostly derived from the rainfall intensity-frequencyduration (IFD) relationship by frequency analysis of historical rainfall records. Guo (2006) found that rainfall intensities, for durations of interest in urban drainage design, showed increases by 28, 36, 43, 50 and 60% for return periods of 2, 5, 10, 25 and 50 years, respectively, in Chicago over the last century. Madsen et al. (2009) reported an increase by 5-20% in rainfall intensity estimates through comparison of 1979-1996 and 1979-2005 periods in Denmark. Arnbjerg-Nielsen (2012) projected a 40% increase in future design rainfall intensity over the next 100 years in Roskilde, Denmark (cited in Williems et al. 2012).
Effects of climate change on extreme rainfall events will be greater in regions that are more fragile and thus vulnerable to climate change. The Mediterranean basin has been identified as one of the most sensitive areas to global warming and future extreme weather conditions (Sanchez et al. 2004) . Although a reduction in the annual number of precipitation days ) and total rainfall (Alpert et al. 2002) has been found for the Mediterranean region, precipitation intensity and frequency increases, which lead to more frequent and severe floods, have been reported (Goubanova and Li 2007) . Floods in Piedmont (Italy) in November 1994 (Buzzi et al. 1998) , in the Po Valley (Italy) in October 2000 (Pinori et al. 2001) , and Athens (Greece) in October 1994 (Lagouvardos et al. 1999 , cited in Kotroni et al. 2006 are some examples of heavy rainfall events in the Mediterranean region.
Southern Turkey is part of the Mediterranean region and shows the characteristics of Mediterranean climate. Mediterranean cyclones associated with southwesterly air flows cause heavy rainfalls and floods in late autumn and early winter in southern Turkey (Ceylan et al. 2011) . Antalya city, located in southern Turkey, has experienced several floods (e.g. 1995, 1996, 2001, 2009 and 2010) , which caused loss of lives and significant economic loss due to poor infrastructure systems. There is increasing concern that global warming-with more frequent and intensive, heavy rainfalls-will exacerbate flood-related disasters in Antalya. Therefore, it is essential to develop regional climate change impact studies to better understand flood-related risks in this region.
Despite the importance of climate change studies on extreme rainfall events in Antalya, to the knowledge of author, there is no study investigating the relationship between global warming and extreme rainfall, and possible variations in design rainfall intensities in Antalya. This study first investigated trends in extreme rainfall indices in the Antalya region by analysing the historical rainfall data from several rainfall observation stations. Future rainfall projections, based on dynamically downscaled data, were then constructed and variations in rainfall IFD information between current (historical) and future periods investigated. This study provides a significant contribution towards a better understanding of the relationship between global warming and extreme rainfall in one of the most climate-change-sensitive parts of Turkey and is one of the initial studies investigating both historical and future extreme rainfall events in the region.
STUDY AREA AND DATA
Antalya city is one of the metropolitan areas in Turkey, with a population of 1 088 044 (i.e. city central and provinces) in 2011 (GoA 2011). Antalya city central covers an approximate area of 20 908 km 2 . Figure 1 shows the approximate location of Antalya in Turkey.
There are 13 currently working rainfall observation stations in Antalya (including the provinces). However, rainfall data from six stations were not considered in this study due to short rainfall records and large amounts of missing data. Rainfall data were available for the period between 1 January 1970 and 31 December 2011 for the remaining seven stations (i.e. Alanya, Antalya Central, Elmali, Finike, Gazipasa, Korkuteli and Manavgat), and these are used in the analysis of extreme rainfall events in Antalya. It should be noted that missing rainfall data of the seven considered stations were less than 1% for all stations except Antalya Central, where missing data were less than 5% of the entire record over the study period (1 January 1970-31 December 2011), mainly due to missing data in 2007 and 2008. Data quality control was performed using the computer software program RClimDex, developed at the Climate Research Branch of the Meteorological Service of Canada and available from: http://etccdi.pacificclimate.org/software. shtml. RClimDex identifies erroneous precipitation data (e.g. precipitation values below 0 mm) and potential outliers, which should be checked manually and removed from the dataset if necessary. Moreover, the homogeneity test for rainfall data at all considered stations was performed and no inhomogeneity was identified at the 0.05 significance level. Table 1 shows the list of considered rainfall observation stations with their geographical locations in Antalya. Abdullah Gokhan Yilmaz
METHODOLOGY
The methodology of this study consists of three main parts:
(a) trend analysis of extreme rainfall indices in Antalya; (b) generation of extreme rainfall data for current and future periods; and (c) construction and comparison of the rainfall IFD relationship through frequency analysis for current and future periods. Figure 2 shows a schematic illustration of the methodology. As can be seen from Fig. 2 − monthly maximum 1-day precipitation (RX1day); − monthly maximum consecutive 5-day precipitation (RX5day); − annual total precipitation divided by the number of wet days (defined as precipitation ≥1 mm) in the year (SDII); − annual count of days when precipitation ≥20 mm (R20); − annual count of days when precipitation ≥25 mm (R25); − maximum number of consecutive days with precipitation <1 mm (CDD); and − maximum number of consecutive days with precipitation ≥1 mm (CWD).
It should be noted that RClimDex calculates extreme rainfall indices if no more than 3 days are missing in (Yue et al. 2002 , Tayanç 2009 , Yilmaz et al. 2010 , Barua et al. 2012 . Rank-based MK and SR tests are distribution-free tests, hence, they are suitable for trend analysis of rainfall data that, in general, are non-normally distributed (Kundzewicz and Robson 2000) .
Although normal distribution of data is not an assumption of the MK and SR tests, data independence is still a pre-condition to be able to apply these tests. The presence of serial dependence may result in detection of trends with a higher significance level than the correct ones by increasing the probability of rejecting the null hypothesis (no trend). Therefore, it is necessary to remove autocorrelation from data before the application of MK and SR tests for detection of trends. However, no autocorrelation was detected for any of the extreme rainfall indices time series data (at 0.05 significance level) according to the autocorrelation test defined by Chiew and Siriwardena (2005) .
In the MK and SR tests, positive test statistics indicate increasing trends, whereas negative test statistics indicate decreasing trends. If the calculated test statistic is higher than the critical value at any significance level (e.g. 0.05), the detected trend is statistically significant at the same significance level. Critical values for test statistics at different significance levels were derived from normal probability tables as performed by several trend studies using the MK test (e.g. Wagesho et al. 2012) . For instance, the critical value at 0.05 (95%) significance level for the two-tailed test is 1.96. This means the interval between -1.96 and 1.96 contains 95% of the probability. If the calculated test statistic (absolute value) is higher than the critical value (i.e. 1.96), the null hypothesis (that is there is no trend) is rejected at the 0.05 significance level. Formulation and details of the MK and SR tests are given in Kundzewicz and Robson (2000) .
Generation of future rainfall data in Antalya
It is common practice to generate future climate data based on outputs of global climate models (GCMs). However, the spatial resolution of GCMs is too coarse to provide regional and local climatic details. Therefore, different downscaling approaches, including dynamical and statistical methods, or both in combination, were developed in order to produce future climate data with high spatial resolution (Fowler et al. 2007) . Although some studies (e.g. Schmidli et al. 2007 ) pointed out dynamical downscaling as a better technique, there is insufficient evidence to confidently prioritise any downscaling method over others (Smiatek et al. 2009) . Regional climate models (RCMs) have been used to dynamically downscale the outputs of GCMs into finer spatial scales. RCMs are three-dimensional atmospheric models with coupled atmosphere-land surface systems based on physical laws, as well as parameterizations for sub-grid-scale processes. Future rainfall data in Antalya Central, covering the area between longitudes 30°36′ and 30°69′ E and latitudes 36°50′ and latitudes 36°75′ N, were obtained by downscaling the ECHAM5 GCM into finer spatial scales using the regional climate model ICTP-RegCM3 (RCM Version 3 of the International Centre for Theoretical Physics, Trieste, Italy). The ECHAM5 model is a current version of a GCM developed by the MaxPlanck Institute for Meteorology, Germany. More detailed information about ECHAM5 is given in Roeckner et al. (2003) .
The spatial resolution of ECHAM5 was dynamically downscaled to 27 km by RegCM3. The A2 greenhouse gas emissions scenario was used in generating the future daily rainfall dataset in this study. Although it is recommended to use multiple emissions scenarios in order to provide better understanding for future conditions, only daily future data produced under the A2 emissions scenario were available for the region. The current climate period of the model was , whereas the future time slice was 2071-2100. However, observed rainfall data were available since 1970 in the region. Therefore, only 20 years of data (similar to Nyeko-Ogiramoi et al.
2010
) were considered for current (i.e. 1970-1989) and future (i.e. 2080-2099) periods. The RegCM3 rainfall data for current and future rainfall climates are abbreviated as RegCM3 current and RegCM3 future , respectively, in the rest of the paper.
Initial and boundary conditions for wind, temperature, surface pressure and water vapour are required for RegCM3 (Davis et al. 2009 ). These conditions were obtained from the ECHAM5 model. It should be noted that initial conditions may be only a poor approximation of the climatology. Therefore, defining a spin-up period (i.e. the time that the model takes to achieve its climate equilibrium) is significant in regional climate models. When the spin-up phase is complete, the statistics of the different variables in the climate simulation are no longer dependent on the initial conditions. Different spin up periods can be defined for different components of the climate system. The longest spinup period (order of months to years) is related to the surface hydrology because of the deep soil temperature and moisture content (Denis et al. 2002) . Climate model outputs from the spin-up period are not reliable, so they should be considered with extra caution, or should be removed from the dataset before analysis. Although RegCM3 current is available for the period in this study, data for the period 1970-1989 were used to represent current climate. Therefore, the first 9 years of available RegCM3 current data were not employed for the analysis. Since the spin-up period is much smaller than 9 years, the spin-up phase (and also initial conditions) did not have a major influence on the accuracy of RegCM3 data in this study.
The accuracy of climate models can be checked through comparison of the climate model output (rainfall in this study) for the current period with the observed rainfall data in a process called validation of the climate model. However, comparing climate model output representing the current (present) climate with observations covering a limited time period is very uncertain. First, climate models are always run based on simplifications, and observations always have errors, which is particularly true in the case of rainfall. Moreover, climate models cannot produce climate oscillation; therefore, they are not expected to reproduce dry or wet decades. These uncertainties are identified at low spatial and temporal resolutions (e.g. regions and monthly time step), and they are exacerbated at high resolutions (e.g. grid box, daily time step). Furthermore, comparison between gridded climate model output and point observations may cause additional uncertainties (Olsson et al. 2009 ). Realistic simulation of regional patterns, temporal variations, and correct combination of frequency and intensity of rainfall is a big challenge for climate models (Trenberth et al. 2003 , Meehl et al. 2005 , Dai 2006 ) due to the complexity of rainfall processes in the atmosphere. Therefore, climate model performance, based on comparison of observed data and model outputs for the current period, are expected to be low, particularly for rainfall (Sachindra et al. 2014) . In other words, there are mostly significant biases in the rainfall output of climate models, which should be corrected before being used in hydrological impact studies. This process is called bias correction, and it is explained in the following sub-section. Although comparison of observed data against RegCM3 current data is not very useful due to the above explained uncertainties, some key statistical properties (i.e. average, maximum and standard deviation) of the observed data are compared with the corresponding statistics in the climate model data for four seasons (i.e. winter, spring, autumn and summer), as recommended by Olsson et al. (2009) . Antalya Central was represented by 12 (4 × 3) grids in this study. Some studies (e.g. Perera et al. 2011 , Sachindra et al. 2014 ) recommended defining large atmospheric domains, since the hydro-climatology at a certain point in a catchment is influenced by the atmosphere above and around it. Therefore, on average, 12 grid values (rather than a value from a single cell covering the observation station) were compared with the observed data at Antalya Central station.
3.2.1 Bias correction Climate models mostly provide biased representations of observed time series; therefore, their output should be used with caution in hydrological impact studies. Climate model outputs should be corrected through transformation algorithms to decrease bias (Christensen et al. 2008, Teutschbein and Seibert 2012) . There are different types of bias correction for climate model outputs, such as linear scaling, power transformation, variance scaling and the quantile mapping method. Themeßl et al. (2011) investigated the performance of various bias correction methods, and they stated that the quantile mapping method showed the best performance due to its simple and non-parametric configuration. Gudmundsson et al. (2012) reviewed the performance of different quantile mapping methods and concluded that non-parametric transformations showed the highest performance in systematically reducing the bias in RCM precipitation output. Therefore, a non-parametric quantile mapping method was adopted for bias correction of daily RegCM3 rainfall data in this study. The quantile mapping method can be defined as correcting the distribution function of RegCM3-simulated climate values to agree with the observed distribution function (Teutschbein and Seibert 2012) . Differences between RegCM3 current and observed rainfall data were detected, and used to correct RegCM3 future data (Fig. 2) . Details of the quantile mapping method are shown in Gudmundsandson et al. (2012) and Salvi et al. (2011) .
Another commonly used method for generating corrected future data is the delta change method (Hay et al. 2000) . This approach simply adds the climate change signal of the climate model (i.e. the difference between current and future runs of climate models) to observations (Gutjahr and Heinemann 2013). Bias correction can be defined as the correction of climate models' future simulations based on differences between observed data and model simulations for the current period. Therefore, the delta change approach differs from bias correction in that it does not adjust the climate models' output, but uses observations and only the RCM change signal to generate future data (Teutschbein and Seibert 2012) . The delta change method is adopted in this study due to its common use in the literature (e.g. Schreider et al. 2000 , Andréasson et al. 2004 , Olsson et al. 2009 ).
After calculating rainfall intensities for the specific return periods (i.e. 2, 5, 10, 20, 50 and 100 years) through frequency analysis, the delta change method was used to produce bias-corrected rainfall intensities of the future period. First, the changing factor (Δ) was calculated for all return periods using rainfall intensities of RegCM3 future and current periods as follows:
where I FUT represents the rainfall intensity calculated through frequency analysis of the RegCM3 extreme rainfall dataset of the future period; and I CUR is the rainfall intensity generated from analysis of the RegCM3 extreme dataset of the current period. The bias-corrected estimations of future rainfall intensities for all return periods were computed through multiplication of change factors by the rainfall intensities calculated from the frequency analysis of the observed extreme rainfall dataset. More information about the delta change method can be found in Fowler et al. (2007) . In particular, the delta change method was used in this study for rainfall intensities of various return periods, rather than mean rainfall. Also, it should be noted that delta change bias correction was applied after frequency analysis of extreme rainfall datasets derived from observed, RegCM3 current and RegCM3 future datasets, whereas quantile mapping bias correction was performed before frequency analysis of extreme rainfall datasets. The following section explains the details of frequency analysis (Fig. 2) .
Extreme rainfall frequency analysis and IFD relationship
There are two common approaches to derive extreme data for frequency analysis of extreme values: block maxima, and peaks over threshold (POT), also known as partial duration series. The block maxima approach is used to obtain a sequence of maximum (or minimum) values taken from blocks or periods of equal length, such as the highest daily rainfall over an entire year or season. Although the block maxima approach has a common application, owing to its simplicity, using only one value from each block will result in small sample sizes, especially for the data with shorter records, later affecting the accuracy of parameter estimation for extreme rainfall distribution models (Coles 2001 , Begueria et al. 2011 ). In the POT approach, extreme data are constructed by selecting values over a certain threshold. An important advantage of this approach is to produce larger sample sizes (dataset), in particular for short rainfall records. When it is considered that the RegCM3 current and RegCM3 future datasets consist of 20 years of data, the POT approach is a better method for deriving extreme rainfall datasets. Thus, the POT method was used in this study for the generation of extreme rainfall datasets. The 95th percentile of rainfall events was considered as the threshold (see Villarini et al. 2013) for derivation of the extreme rainfall datasets. Extreme rainfall data should satisfy the data independency assumption for frequency analysis. A simple procedure recommended by Jakob et al. (2011) was used to remove serial dependence of extreme rainfall data. According to this procedure, only the largest rainfall values (peak values) were considered in the case of consecutive rainfall events over the threshold, and the POT values 24 h prior to and after the peak rainfall event were removed from the dataset.
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Although there are many statistical distributions used for extreme value frequency analysis, several studies (e.g. Sugahara et al. 2009 , Deidda 2010 recommended using generalized Pareto distribution (GPD) for extreme rainfall analysis, when the extreme rainfall data are generated by the POT method. Therefore, the GPD approach along with the POT method was used in this study. Gamma distribution, another commonly-used distribution for rainfall data (e.g. Wilson and Toumi 2005) , was also employed in this study as a benchmark distribution method. The L-moments method was used for the parameter estimation of distributions, since it is less influenced by data variability and outliers, and relatively unbiased for small samples (Borujeni and Sulaiman 2009 ). Formulation and details of the GPD can be found in Sugahara et al. Frequency analysis was applied to three extreme rainfall datasets: (1) observed extreme rainfall data for the period 1970-1989, (2) RegCM3 current extreme rainfall data for the period 1970-1989, and (3) RegCM3 future extreme rainfall data for the period 2080-2099. First, comparison between GPD and gamma distribution was made using the Kolmogorov-Smirnov (KS) test. As explained by Li et al. (2013) , smaller KS test statistics indicate better fit. After determining the best distribution method among two distributions (i.e. GPD and gamma distribution), the goodness of fit of the selected distribution was determined based on the graphical diagnostic (i.e. probability plot) and KS test. In the probability plot, observed values are plotted against predicted values by the fitted model. In the case of a good fit, points of the probability plot should lie close to the unit diagonal. Details of the probability plot can be found in Coles (2001) . The KS statistical test has been commonly used in extreme value analysis studies in hydrological applications (Laio 2004 , Salarpour et al. 2012 ). This test is useful for investigating whether a sample comes from a hypothesised continuous distribution. The null hypothesis of the KS test is "the data follow the specified distribution". If the test statistic is larger than the critical value at the specified significance level (0.05 in this study), the alternative hypothesis, "the data do not follow the specified distribution", is accepted. Details of the KS test can be found in Salarpour et al. (2012) .
RESULTS AND DISCUSSION
Extreme rainfall indices trends
The MK and SR tests were applied to detect trends in the extreme rainfall indices (as explained in Section 3.1.1) at seven stations. Trend results are given in Table 2 , which shows the calculated test statistics of the MK and SR tests for extreme rainfall indices at the studied stations. The presence of statistically significant trends was determined based on comparison of these test statistics with critical values at different significance levels (as explained in Section 3.1.2).
Trends in RX1day and RX5day indices show whether there are changes in the amount of rainfall received in the day with the highest rainfall and the Trends in RX1day and RX5day indices in the western Antalya region were more significant than in the eastern Antalya area. The SDII index is particularly useful in evaluating wet conditions, since it is defined as rainfall intensity on wet days. Frich et al (2002) and Kostopoulou and Jones (2005) reported decreasing SDII index trends over the eastern Mediterranean, including Turkey. However, both studies considered very few stations in the Mediterranean part of Turkey. Also, there was a need to update these results with the most current data. This study, by considering updated data with much higher spatial coverage in the Antalya region, shows that there was an increasing trend in the SDII index (at all stations), but only the trends in the SDII index at Finike, Korkuteli, Manavgat and Gazipasa stations were statistically significant.
The R20 and R25 indices are directly related to intense rainfall events, as they represent the number of days with intense rainfall (i.e. above 20 and 25 mm, respectively). Similar to the SDII index, positive trends in R20 and R25 were found at all stations except Alanya. However, only Gazipasa station indicated a statistically significant increasing trend in R20. However, increasing trends in R25 index at Gazipasa and Korkuteli stations were statistically significant. Sousa et al. (2011) stated that there is a tendency towards drier climatic conditions in the Mediterranean basin, except the easternmost portion of the basin (mainly Turkey), based on several studies (e.g. Xoplaki et al. 2004 , Lopez-Moreno et al. 2009 ). The CDD index was employed to investigate drying tendencies in this study, and the findings are in agreement with the literature (as explained above), since all stations except Alanya exhibited decreasing trends in CDD index. The (decreasing) trends in CDD index were statistically significant only for Antalya Central (according to both trend tests) and Korkuteli (MK test). The SR test showed statistically significant increasing trends in CWD index at Elmali, Finike, Gazipasa and Korkuteli stations, whereas the MK test demonstrated a statistically significant increasing trend at Manavgat station.
Although statistically significant trends were detected for at least one extreme rainfall index for all stations, there is no pattern among the stations. In other words, most of the stations showed statistically significant trends for different extreme rainfall indices. The SDII and CWD are the only indices in which the majority of stations demonstrated statistically significant trends. It should be noted that, overall, Gazipasa, Finike, Korkuteli and Antalya Central stations are the most flood-sensitive locations in the study region based on trend analysis results. However, it is reasonable to argue that Antalya Central is the most fragile in terms of climate change, since it accommodates the largest population in the study area. Also, urban heat island effects (i.e. an artificial heat source due to urbanization) on rainfall, as explained in Shepherd and Burian (2003) , may be experienced in Antalya Central more than other parts of the study area due to high urbanization. Figure 3 shows the time series plots of RX1day, RX5day and CDD for Antalya Central; these indices were selected, since they showed statistically significant trends at Antalya Central. As shown in Table 2 , RX1day and RX5day showed statistically significant increasing trends at the 0.1 significance level at Antalya Central, whereas CDD demonstrated statistically significant decreasing trends (0.05 significance level). Linear trend lines are used in the plots in Fig. 3 to increase the visibility of trends. However, a linear trend test was not employed for trend analysis in this study; therefore, trend rates (based on linear tests) were not computed.
Comparative evaluation, extreme rainfall frequency analysis and IFD relationship
As explained in Section 3.2, key statistical properties of RegCM3 current data were compared with observed rainfall data (over the period 1970-1989) on a seasonal basis. Key statistical properties of these two datasets for four seasons are shown in Table 3 . As can be seen in Table 3 , observed average rainfall was higher than RegCM3 current rainfall for all seasons except spring. The differences between average rainfall values were more distinctive in winter and autumn, which are the rainy seasons in Antalya. Several studies (e.g. Sun et al. 2006 , Dai 2006 have explained that most climate models tend to produce precipitation that is too frequent and at reduced intensity. This results in underestimation of heavy rainfall events, and overestimation of light rainfall, which can also be seen in Table 3 . The RegCM3 model underestimated maximum rainfall in the wet seasons (i.e. winter, spring and autumn). However it very slightly overestimated maximum rainfall in the summer, since it is very unlikely to observe heavy rainfall in this season. As expected, standard deviation was greater in the wet seasons relative to dry seasons in Antalya, as shown in Table 3 . The performances of GPD and gamma distribution were compared using the KS test to decide which extreme value distribution to use for frequency analysis, as explained in Section 3.3. As can be seen in Table 4 , GPD gave smaller KS values for all datasets, indicating the superiority of GPD over gamma distribution. Therefore, GPD was used for extreme rainfall frequency analysis in this study. Goodness-of-fit tests (both graphical and statistical) showed that GPD fits all extreme rainfall datasets successfully. Figure 4 shows the probability plots of developed GPD models using three extreme rainfall datasets. It should be noted that three different GPD models were developed (one for each extreme rainfall dataset) in order to conduct frequency analysis. One might expect to get similar plots for GPD models using the observed extreme rainfall dataset (Fig. 4(a) ) and the RegCM3 current extreme rainfall dataset (Fig. 4(b) ), but this is not the case, since raw RegCM3 current (not biased corrected) data were used to provide essential information for the delta change approach. Points of the probability plots lie close to the unit diagonal in Fig. 4 indicating a successful fit. In addition to probability plots, the KS test showed the successful fit of the GPD to the extreme rainfall datasets, since the test statistics of the KS test were smaller than the critical values at the specified significance level (0.05 in this study) for all cases. (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) 0.14455 0.06959
RegCM3 future (2080) (2081) (2082) (2083) (2084) (2085) (2086) (2087) (2088) (2089) (2090) (2091) (2092) (2093) (2094) (2095) (2096) (2097) (2098) (2099) 0.15653 0.07584
Climate change effects on extreme rainfall in Antalya Figure 5 illustrates the estimated rainfall intensities of the selected return periods according to the frequency analysis of the observed extreme rainfall dataset and corrected future extreme rainfall (using delta change and quantile mapping methods).
As seen in Fig. 5 , estimated future rainfall intensities (based on both correction methods) are higher than those calculated using observed extreme rainfall data. If the future data are generated through the delta change method, rainfall intensity differences between future and observed data periods were 8, 15, 17, 18, 19 and 19% for the return periods 2, 5, 10, 20, 50 and 100 years, respectively. Differences in rainfall intensities between observed and future periods showed increasing trends towards higher return periods. However, when the future data were bias-corrected by the quantile mapping approach, differences between future and observed data for return periods of 2, 5, 10, 20, 50 and 100 years were 3, 5, 8, 12, 19 and 23%, respectively. Similar to the delta change method, rainfall intensities demonstrated larger differences for the higher return periods, when the future extreme rainfall data were bias corrected by the quantile mapping approach.
As explained in the Introduction, design rainfall intensity estimates that are produced through frequency analysis of extreme rainfalls are important inputs for water infrastructure projects. Erroneous selection of design rainfall intensities can cause significant Fig. 4 Probability plots of developed GPD models using three extreme rainfall datasets. problems for water infrastructure projects and flood mitigation works. Many infrastructure projects are designed for the long term. For example, it is expected that a sewer system will have a lifetime of more than 100 years. The components of an urban drainage system are projected to carry sufficient capacity of storm water caused by heavy rainfalls of specified frequencies of occurrence, which are mostly expressed in return periods (Guo 2006 ). In the case of heavier rainfalls than those of the design criteria, severe backups and floods will very likely occur. Guo (2006) suggested that, to be able to maintain the same design and service standards of storm sewers in Chicago, the diameter of every sewer pipe would have to be increased by up to 17% if rainfall IFD relationships were updated properly in time (based on increases in heavy rainfalls). Expansion of existing urban drainage systems is expensive; therefore, possible future changes in design rainfalls due to changes in intensity and frequency of heavy rainfalls should be considered at the design stage of infrastructure projects. Arnbjerg-Nielsen and Fleischer (2009) stated that there is a very high economic benefit when future changes in design rainfall intensities (30% increases in their study) are taken into account in urban infrastructure design.
This study provides useful information regarding the differences in rainfall intensity estimates obtained when two different methods (delta change and quantile mapping methods) are used to produce 'corrected' future rainfall intensities. Although these two methods resulted in the same future rainfall intensity estimate for a return period of 50 years, there were differences in rainfall intensity estimates based on the two methods for other return periods. However, this difference was not very high (maximum 10%), so it may be concluded that both methods gave similar rainfall intensity estimates. It should be noted that it is not realistic to extrapolate this finding to other study areas without further investigation.
SUMMARY AND CONCLUSIONS
This study investigated the relationship between climate change and extreme rainfall events in Antalya, Turkey, for current and future time periods. First, trends in extreme rainfall indices were investigated using daily rainfall data from seven rainfall observation stations in the region. Trend analysis by MK and SR trend tests showed that there are significant trends in extreme rainfall indices for the majority of stations in the Antalya region. However, Antalya Central can be pinpointed as the most fragile location in terms of climate change effects and extreme rainfall events, since it is the most urbanized region and accommodates the largest population in the study area. Therefore, dynamically downscaled future rainfall data of Antalya Central, derived from the RegCM3 regional climate model, were analysed in order to estimate future rainfall intensities for return periods of 2, 5, 10, 20, 50 and 100 years.
The major conclusions of this study are as follows:
− Statistically significant trends in extreme rainfall indices were detected for all stations (significant trend for at least one extreme rainfall index) in the study area. − GPD were fitted to extreme rainfall data successfully according to graphical (i.e probability plot) and statistical (i.e. Kolmogorov-Smirnov) tests. − Rainfall intensities for various return periods (i.e.
2, 5, 10, 20, 50 and 100 years) were calculated for current (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) and future (2080) (2081) (2082) (2083) (2084) (2085) (2086) (2087) (2088) (2089) (2090) (2091) (2092) (2093) (2094) (2095) (2096) (2097) (2098) (2099) periods by frequency analysis of extreme rainfall datasets. It was found that future rainfall intensities will be greater (up to 23%) than those of the current period, particularly for higher return periods. − Delta change and quantile mapping correction methods resulted in similar future rainfall intensities.
As explained in the Introduction, several floods have been observed in the Antalya region, the main causes being intensive convective rainfalls in the region (Kadioglu 2008) . The findings of this study showed increasing trends in extreme rainfall indices, and also projected increases in rainfall intensity in the future. These findings are very likely associated with global warming, since the atmosphere can hold more water vapour in a warmer climate (Chu et al. 2014) . The increase in rainfall extremes is larger than changes in mean rainfall in a warmer climate, because extreme precipitation relates to increases in moisture content of the atmosphere (Kharin and Zwier 2005) . The relationship between 'moisture-holding capacity' of the atmosphere, temperature and pressure is explained by the Clausius-Clapeyron (C-C) equation. According to the C-C equation, the moisture-holding capacity of the atmosphere increases approximately 6.5% per degree temperature rise (Pall et al. 2007) . If the relative humidity in the future climate remains approximately the same as in the present climate (as expected based on model results and also on physical understanding), water vapour amounts in the atmosphere will also rise by around 6.5% per degree temperature increase. In extreme rainfall events, a high majority of water vapour in the air (or a constant fraction of it) is converted into rain; therefore, extreme rainfall will scale with the C-C relationship (Lenderink and van Meijgaard 2008) . Besides global warming, climate oscillations, which are influential on rainfall in Turkey, including the North Atlantic Oscillation, Arctic Oscillation, Mediterranean Oscillation and El-Niño Southern Oscillation (Altın and Barak 2014) , may explain increases in extreme rainfalls in the Antalya region. However, further analysis on this is beyond the scope of this paper.
This study showed the importance of conducting research on climate change effects on extreme rainfall in Antalya, as one of the initial studies in the region focusing on extreme rainfall analysis for both current (historical) and future periods. However, there are some limitations of the study. This study used future data from a single regional climate model (RegCM3) under a single greenhouse gas emissions scenario (A2) due to limited data availability. It is recommended that multiple climate model data generated under different greenhouse gas emissions scenarios, called the ensemble approach, be used (Christensen and Lettenmaier 2007) to cover a wider range of future scenarios. Moreover, this study investigated trends in daily extreme rainfall indices, although trends in sub-daily extreme rainfall can be significantly different from daily trends (Yilmaz and Perera 2014) . However, to the author's knowledge, only daily rainfall data are available in the study region.
According to the findings of this study, the Antalya region has the potential to experience more intensive rainfalls in the future, which may lead to floods in Antalya. There is a need for further studies to investigate whether current flood protection infrastructure would be sufficient for future floods in Antalya city. Also, it is important to conduct analysis to investigate the relationship between climate oscillations and extreme rainfalls in Antalya, to improve the knowledge and understanding of the physical reasons behind increases in extreme rainfall. Based on the findings of future studies, policy makers will be able to develop timely and useful adaptation and protection strategies and action against future floods in Antalya.
